Abstract. When represented in a traditional form of frequency-time spectrograms, electromagnetic waves observed by low-altitude satellites and ground-based instruments sometimes consist of several clearly defined, nearly parallel and almost equidistant lines. These may drift in frequency and are usually called Line Radiation (LR). Although these emissions have been already known for a long time, in most cases their origin is still rather poorly understood. We present a systematic survey of this kind of events as observed by the DEMETER spacecraft (altitude 700 km). We demonstrate that there exist three different types of LR: 1) Power Line Harmonic Radiation (PLHR) generated by electromagnetic radiation from electric power systems on the ground. 2) Magnetospheric Line Radiation (MLR) whose origin is still quite unclear. 3) Electromagnetic harmonic emissions generated probably by instabilities of proton distribution functions. An example of each type of LR is presented and its properties and generation mechanism/region are discussed.
Introduction
When represented in the form of a frequency-time spectrogram, electromagnetic waves observed in the magnetosphere sometimes consist of several clearly defined, nearly parallel and almost equidistant lines. These may drift in frequency and are generally called Line Radiation (LR). Such emissions have been observed by the ground-based instruments [Helliwell et al., 1975; Park and Helliwell, 1978; Matthews and Yearby, 1981; Helliwell, 1981, 1983; Yearby et al., 1983; Rodger et al., 1999 Rodger et al., , 2000a Manninen, 2005] as well as by the low-altitude satellites [Bell et al., 1982; Koons et al., 1978; Tomizawa and Yoshino, 1985; Parrot, 1994; Rodger et al., 1995; Parrot et al., 2005; Němec et al., 2006b; Parrot et al., 2006b Parrot et al., , 2007 Němec et al., 2007a Němec et al., ,b, 2008 Němec et al., , 2009 . There exist an evidence for their propagation through the magnetosphere, but direct observations by the satellites are rather rare and their origin is still unclear.
In some cases the frequency separation of individual lines forming the events is 50/100 Hz or 60/120 Hz, corresponding thus to the frequency of electric power systems on the ground. Such events are usually called Power Line Harmonic Radiation (PLHR) and it is believed that they originate as an electromagnetic radiation from the electric power systems [Němec et al., 2006b [Němec et al., , 2007b [Němec et al., , 2008 . However, some authors [Rodger et al., 1995; Parrot et al., 2005] preferred to call these emissions Tram Lines (TL) in order to elude the postulate about their generation mechanism.
Emissions with frequency spacing between individual lines other than 50/100 Hz or 60/120 Hz are usually called Magnetospheric Line Radiation (MLR) in order to emphasize that they propagate through the magnetosphere. Bullough [1995] discussed about the possibility that MLR could be caused by PLHR. This idea was further studied by Nunn et al. [1999] using numerical simulations and also adopted by Parrot et al. [2007] . Recently, Němec et al. [2009] reported an event consisting of PLHR and MLR observed during the same satellite orbit and located in conjugate regions.
In this paper we demonstrate that except these two "traditional" types of LR there exists a third one: electromagnetic harmonic emissions. We give an example of each type of LR and discuss their classification, properties and possible generation mechanism/source region.
Data set
DEMETER is a French micro-satellite launched in June, 2004 at a nearly Sun-synchronous (10:30 LT and 22:30 LT) polar orbit. The original altitude was 710 km, but it was decreased to 660 km in December, 2005. Both wave and plasma instruments are placed on board, recording the data all over the Earth except of the geomagnetic latitudes larger than 65 degrees. Only the wave data (i. e. the measurements of electric and magnetic field components) have been used in the presented study. During the so-called "Burst mode" -which is active only above some areas of particular interest -waveforms of one electric and one magnetic field component are measured in VLF range (sampling frequency 40 kHz) and waveforms of all the three electric and the three magnetic field components are measured in ELF range (sampling frequency 2500 Hz). During the "Survey mode" -which is active all the time -spectrum of one electric and one magnetic field component is calculated on board every 2 seconds in VLF range (up to 20 kHz, frequency resolution 19.53 Hz). A more detailed description of the DEMETER satellite and wave experiments on board is given by Berthelier et al. [2006] ; Parrot et al. [2006a] ; Parrot [2006] ; Santolík et al. [2006] .
The analyzed LR events have been found in three different ways. Firstly, we developed an automatic identification procedure developed to look for these events in Burst mode data [Němec et al., 2006b] , running directly at DEMETER data center in Orléans as a part of Level 2 data processing. Secondly, the first three years of the Survey mode data data (up to the end of July, 2007) were manually checked for the presence of LR events in the frequency range 1-8 kHz [Němec et al., 2009] . Finally, Burst mode data recorded during some extraordinarily disturbed time periods have been manually checked for the presence of LR events. Altogether, the obtained data set contains more than 500 events. This represents the largest satellite database of such events and provides a unique starting point for their systematic analysis.
Types of Line Radiation
The analysis of LR events shows that there exist three basic types of these emissions. As mentioned by Rodger et al. [1995] and demonstrated later by Němec et al. [2007a] , it is possible to clearly distinguish two separate classes of events according to the frequency spacing. Events with frequency spacing 50/100 Hz or 60/120 Hz are PLHR events, originating by electromagnetic radiation from electric power systems on the ground (as was convincingly enough demonstrated by Němec et al. [2006b Němec et al. [ , 2007b Němec et al. [ , 2008 ). As pointed out by Němec et al. [2007a] , their intensity is usually quite low and they occur independently of the geomagnetic activity. On the other hand, events with other frequency spacing are usually more intense and tend to occur more often during the disturbed conditions [Němec et al., 2007a [Němec et al., , 2009 .
It turns out that the events with frequency spacing other than 50/100 Hz or 60/120 Hz can be divided into two sub-classes, following the Figure 7 of Němec et al. [2007a] . They found out that the events from the first sub-class occur at larger geomagnetic latitudes and larger frequencies (λ m > 40 • , f > 1 kHz). These emissions will be called MLR in the present paper, for they are the ones which are traditionally meant by this name. The second sub-class consists of the events that occur close to the geomagnetic equator at low frequencies (λ m < 15 • , f < 1 kHz). These emissions will be called "electromagnetic harmonic emissions in the ELF range" (the terminology is not well established and the appropriate name does not exist -we will thus create our own). went to the Survey mode and we have plotted only the more detailed Burst mode data. Figure 3 presents the frequency-time spectrogram of power spectral density of electric field fluctuations corresponding to an example of the last class of LR events, i. e. electromagnetic harmonic emission in the ELF range. The data were recorded on November 9, 2004 after 08:19:02 UT when the satellite was passing the equatorial region of Africa. The sharp cut-off at about 340 Hz is caused by the mode structure connected to the presence of multiple ion species and increasing magnetic field strength encountered by the downward propagating wave [Santolík et al., 2006] .
Having presented examples of the three different classes of emissions, let us shortly discuss the generation mechanisms and source regions of the MLR events and electromagnetic harmonic emissions in the ELF range.
For the electromagnetic harmonic emissions in the ELF range the situation is simpler. A detailed wave analysis can be performed because the emissions occur in the frequency range where all the six components of the electromagnetic field are measured (not shown here). It reveals that the waves are coming from larger radial distances. Moreover, the component of the Poynting flux parallel to the magnetic field line is oriented along the magnetic field line in the Northern hemisphere and opposite to the magnetic field line in the Southern hemisphere, that is "away from the geomagnetic equator". One can thus deduce that the generation region of these events is located in the equatorial region. Finally, the wave properties are rather similar to those of equatorial noise emissions routinely observed at radial distances between 2 and 7 R E and at latitudes within 10 • from the magnetic equator (see Laakso et al. [1990] ; Kasahara et al. [1994] ; Santolík et al. [2004] ; Němec et al. [2005 Němec et al. [ , 2006a ). Taking into account the line structure common for both types of emissions, it is therefore reasonable to suppose that they have the same generation mechanism -i. e. instabilities of proton distribution functions (see, e. g., Horne et al. [2000] ). Using the theoretical prediction that the frequency spacing in such a case should correspond to the proton cyclotron frequency in the generation region, it is even possible to estimate its radial distance. Our preliminary results show that it is located approximately between 2 and 3 R E .
Concerning the MLR events, the situation is more difficult. Recent results [Němec et al., 2009] indicate lower occurrence rate of these events above the South-Atlantic anomaly and to the East from it. Together with the fact that the emissions occur more preferably during the disturbed conditions this would suggest that they are probably somehow related to the (energetic) electrons. However, their origin and proper generation mechanism still remain to be a mystery.
The last thing that we would like to briefly discuss in this paper is the relative importance (occurrence rate) of the three different types of line radiation. Although the same satellite data set is used, such a comparison is very difficult both because of the two different satellite modes used for the study and because of the different approaches how to identify the events. Concerning the PLHR events, 88 events were found in 3378 hours of the Burst mode data by the automatic procedure. However, it would be tricky to calculate the occurrence rate from this piece of information, because of the two following reasons (see Němec et al. [2006b] for a more detailed discussion): 1) we do not have much information about the effectiveness of the applied automatic identification procedure 2) Burst mode coverage is limited to some specific geographic areas. Concerning the MLR events, the situation is a bit better, because of their larger intensity that allows us to use the Survey mode data and a manual identification of the events. MLR events were found in 549 out of 26036 analyzed half-orbits (approximately 35 minutes each). For the electromagnetic harmonic emissions in the ELF range the situation is far the worst: we are limited both by the poor Burst-mode coverage close to the geomagnetic equator and a problematic (mostly manual) identification of the events, resulting into only 24 events found.
Conclusions
We have reported some results of a survey of LR events observed by the low-altitude DEME-TER spacecraft. It has been demonstrated how the observed emissions can be classified into three basic types: PLHR, MLR and electromagnetic harmonic emissions in the ELF range. The basic properties of each class of the events have been demonstrated and the possible generation mechanisms have been briefly discussed.
